The CYCI-239-0 mutation in the yeast Saccharomyces cerevisiae produces a -His-Leu-replacement of the normal -Ala-Gly-sequence at amino acid positions 5 and 6, which lie within a dispensable region of iso-l-cytochrome c; this mutation can accommodate the formation of a hairpin structure at the corresponding site in the mRNA. The amount of the altered protein was diminished to 20% of the wild-type level, whereas the amount of the mRNA remained normal. However, in contrast to the normal CYCI+ mRNA that is associated mainly with four to seven ribosomes, the bulk of the CYCI-239-0 mRNA is associated with one to four ribosomes. These results suggest that the stable secondary structure within the translated region of the CYCI mRNA diminishes translation by inhibiting elongation.
During the past 20 years, the CYCI gene and its gene product iso-l-cytochrome c in the yeast Saccharomyces cerevisiae have been the subject of numerous studies. Mutationally altered forms of at least partially functional iso-icytochromes c have been obtained from over 500 intragenic revertants of various cycl mutants. The vast majority of these altered iso-1-cytochromes c are found at a level corresponding to the level of normal iso-l-cytochrome c in wild-type strains. Thus, most changes of the amino acid sequence do not appreciably affect the level of the protein.
One type of exception is the revertants that contain AUG initiator codons situated at certain abnormal positions (25, 26, 33 ; S. B. Baim, Ph.D. Thesis, University of Rochester, Rochester, N.Y., 1984; S. Baim and F. Sherman, unpublished data). In this investigation we describe another type of exception, the cycl-239 revertants which contain only 20o of the normal level of iso-1-cytochrome c and contain a sequence which can accommodate the formation of a hairpin structure within the translated region of the mRNA.
MATERIALS AND METHODS Genetic analysis. The symbol CYCI+ or CYCI denotes the wild-type structural gene that encodes iso-l-cytochrome c. Mutations of this gene that cause a deficiency in either the amount or activity are designated by the symbol cycl followed by the allele number, e.g., cycl-17, cycl-239, etc. Intragenic revertants of specific cycl mutants in which the amount or activity of iso-l-cytochrome c has been at least partially restored are designated by the gene symbol CYCI followed by the allele number of the mutation from which they were derived and by capital letters to designate independent revertants. For example, CYCI-239-A, CYCI-239-B, etc., denote intragenic revertants of cycl-239.
Conventional yeast genetic procedures of crossing, sporulation, tetrad analysis, and scoring of nutritional mark-conveniently examined for cytochrome c content at -196°C using a Hartree low-dispersion spectroscope (27) . The density of the ca, absorption band at 547 nm permits an estimate of the amount of cytochrome c present in intact cells by comparisons with strains containing known amounts of cytochrome c. More quantitative estimates were made by low-temperature (-196°C) spectrophotometric recording (28) .
Total cellular RNA was purified and analyzed as described by either Laz et al. (8) or Zaret and Sherman (38, 39) . Briefly, logarithmic-phase cells from an overnight culture were inoculated at various densities into YPD (1% yeast extract [Difco] , 2% Bacto-Peptone, and 2% glucose) medium. The cultures were shaken vigorously at 30°C for 18 to 24 hours. The cells were harvested at the appropriate densities and disrupted with glass beads. The lysate was adjusted to 1% sodium dodecyl sulfate and extracted several times with phenol-chloroform-isoamyl alcohol (25:24: 1). The RNA was precipitated with absolute ethanol, washed with 70% ethanol, and resuspended in sterile water. Total RNA was fractionated in the presence of formaldehyde by agarose gel electrophoresis and transferred to nitrocellulose sheets by the method of Zaret and Sherman (38) or Maniatis et al. (13) . The CYC1 transcript was analyzed by hybridization with the strand-specific probe mCYC1 in bacteriophage M13 as described by Laz et al. (8) , or by hybridization with a nicktranslated 0.6-kilobase EcoRI-HindIII fragment encompassing the CYCI gene and denoted fragment b-g by Zaret and Sherman (38) . The relative levels of CYCI mRNA were determined by comparison to the level of ACT] (actin) mRNA. The nitrocellulose papers containing the transferred RNA were concomitantly hybridized with the nicktranslated CYCI DNA probe described above and a nicktranslated 1.7-kilobase BamHI-HindIII fragment encompassing a portion of the ACT] gene (14) . The relative CYC1-239-N (Me t)Th r-G 1 u -Phe-Ly s-AI a-G I y-S e r-100 100 AUG ACU GAA UUC AAG GCC GGU UCU a The protein sequences were determined by Stewart et al. (31) ; the mRNA sequence of the CYCI-239-0 revertant was deduced from the DNA sequence (Hampsey et al., unpublished data), whereas the mRNA sequences of the cycl-239 mutation and the CYC1-239-N revertant were deduced from protein sequences.
We have assumed that the CYC1-239-K revertant as well as all type 14 revertants containing the -His-Leu-iso-1-cytochrome c at the 20% level have the same nucleotide sequence as the CYCI-239-0 revertant. amounts of the CYC1 and ACT] mRNAs could be then quantitatively estimated from the same autoradiograph.
Fractionation of polyribosomes. Yeast polyribosomes were fractioned by sucrose gradient centrifugation according to the procedure of J. Warner (unpublished data). Various S. cerevisiae strains were grown in 100 ml of YPD medium to densities corresponding to absorbancies at 600 nm of 1.3 to 1.5. A total of 5 mg of cycloheximide was added; the cultures were swirled rapidly and immediately poured over ice. The cells were immediately collected by centrifugation and washed twice with a solution containing 10 mM Trishydrochloride (pH 7.4), 100 mM NaCl, 30 (38) . Fractions (1 ml) of the sucrose gradient were collected, and the macromolecular constituents were precipitated overnight at -20°C with 3 ml of 95% ethanol. The precipitate was sedimented by centrifugation for 10 min at 10,000 x g. The precipitate was resuspended in 300 ,ul of a buffer containing 20 mM Tris (pH 7.4), 2.5 mM EDTA, 100 mM NaCl, and 1% sodium dodecyl sulfate. The solution was extracted twice with phenol, once with phenol-chloroform-isoamyl alcohol (25:24:1), and once with chloroform-isoamyl alcohol (24:1) and then precipitated with 2.5 ml of 95% ethanol at -20°C. The precipitated RNA was collected, suspended in 100 ,ul of sterile water, and lyophilized. Each sample of RNA was suspended in 10 ,ul of sterile water and stored at -35°C.
Equal portions (4.5 p.l) from each fraction were subjected to electrophoresis though a 1.5% agarose slab gel containing 6 M formaldehyde as described by Maniatis et al. (13) . The gels were run for 3 h at 90 V with continuous recirculation of the buffer. The RNA was transferred to nitrocellulose sheets in 20x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), as described by Thomas (34) , and sequentially hybridized with the CYCI and ACT) nick-translated probes described above, according to the procedure of Wahl et al. (36) except for the absence of dextran sulfate.
RESULTS
In addition to the numerous cycl mutants derived directly from CYCI+ normal strains (27) , a number of cycl mutants have been constructed by recombination of CYCI revertants (25, 26) . For example, the cycl-239 frameshift mutation, which is the subject of this study, originated as a rare meiotic segregrant from a cross of the CYCI-183-L and CYCI-13-S revertants (25, 26) . This cycl-239 mutation lacks a single G at nucleotide position 15 (or 16) as shown in Table 1 . While examining the levels of iso-1-cytochrome c in intragenic revertants, we discovered certain cycl-239 revertants with only approximately 20% of the normal amount.
The primary structures of iso-1-cytochrome c from a total of 37 cycl-239 revertants were examined, and these fell into 14 different types as outlined in Table 2 and as described in detail by Stewart and Sherman (31) . The -G mutation in the cycl-239 mutant was corrected either by addition of a single nucleotide within positions 6 to 35, giving rise to types 1 through 8, or by deletion of two nucleotides within positions 16 to 28, giving rise to types 9 through 11. In addition, three kinds of complex changes were uncovered, types 12 through 14, as shown in Table 2 . The nucleotide sequences of the cycl-239 mutation and revertants were originally deduced from the amino acid sequences (31) . However, some of the nucleotide sequences could not be unambiguously deduced We have estimated the amount of iso-1-cytochrome c in the 37 cycl-239 revertants listed in Table 2 . All of the revertants contained normal or near-normal amounts of iso-1-cytochrome c except for the six members of the type 14 revertants, which contain a -His-Leu-replacement of the normal -Ala-Gly-sequence at amino acid positions 5 and 6; all six of the type 14 revertants contained the altered iso-1-cytochrome c at a level corresponding to approximately 20% of the normal amount. This result suggests that the low amount of iso-1-cytochrome c is caused by the mutation producing the -His-Leu-replacement. (In this paper, we have denoted the altered iso-1-cytochrome c with the -His-Leu-replacement at amino acid positions 5 and 6 as the "-His-Leu-protein.") Two representative type 14 revertants containing the -His-Leu-protein, CYCI-239-K and CYCI-239-0, were investigated in more detail along with the CYCI-239-N revertant, which contains the normal amount and normal sequence of iso-1-cytochrome c. The CYCI-239-N revertant was used in this study as an isogenic control strain containing an allele equivalent to CYCJ+. Presented in Table 1 are the pertinent structures of the CYCI+ wild-type allele, the cycl-239 frameshift mutation, the CYCI-239-K and CYCI-239-0 type 14 revertants containing reduced amounts of iso-1-cytochrome c, and the CYCI-239-N revertant containing the normal amount of iso-1-cytochrome c. Lowtemperature (-196°C) spectrophotometric recordings of a normal CYCI+ strain containing the normal level of iso-icytochrome c, a CYCJ-239-K strain containing 20% of the normal level of iso-1-cytochrome c, and a cycl-239 strain lacking iso-1-cytochrome c are shown in Fig. 1 .
A genetic analysis further established that the low amount of iso-1-cytochrome c is a specific property of the particular CYCI allele. A representative revertant, CYCI-239-K, was crossed to a strain containing the CYCI + SUP4 markers, and the levels of iso-1-cytochromes c in the meiotic segregants were estimated. Because of the close linkage of CYCI and SUP4 (7), the CYCJ-239-K and CYCI+ alleles could be scored. All of the CYCI-239-K segregants contained the characteristic low amount of iso-1-cytochrome c, whereas the CYCI+ segregants contained the characteristic normal amount.
An examination of heterozygous diploid strains demonstrated that the low amount of iso-1-cytochrome c determined by the CYCI-239-K allele is a codominant property dependent on the gene dosage. Crosses were made with two series of isogenic haploid strains, the MATa series, which includes CYC1+ and cycl-17, and the MATt series, which includes cycl-239, CYCJ-239-K, and CYC1-239-N. The levels of iso-1-cytochrome c in this isogenic series of diploid strains were estimated by low-temperature spectroscopy (Table 3 and CYCI+ amount of iso-1-cytochrome c in a cis-acting manner that is not under autogenous control. The basis of the reduction of the -His-Leu-iso-icytochrome c was further investigated by examining the steady-state level of CYCI mRNA from various mutants. Because CYCI mRNA levels vary during the growth cycle of yeasts (18) , numerous measurements were made with strains grown to similar cell densities. Representative measurements are shown in Fig. 3 ; these and other results clearly demonstrated that the steady-state levels of CYCI mRNA in the cycl-239, CYCI-239-N, and CYCI-239-0 strains are approximately the same and at least as high as the steadystate level in the normal CYCI+ strain. Thus, the fivefold reduction of the -His-Leu-iso-1-cytochrome c in the CYCI-239-0 strain must be due to either increased degradation or, as we demonstrate below, decreased synthesis of the altered protein from a normal amount of mRNA.
The distribution of a specific mRNA along the polyribosome gradient reflects not only the length of the mRNA, but also the rates of initiation, elongation, and termination of translation of the corresponding protein product. The distribution of CYCI-239-N (or CYCI+) and CYCI-239-0 mRNAs in the fractionated polyribosomes was determined by hybridization of RNA fractions from extracts sedimented in sucrose gradients. In addition, the distribution of actin mRNA was determined concomitantly for a comparative control. The findings (Fig. 4) demonstrate that the bulk of CYCI-239-N (or CYCI+) mRNA is associated with four to seven ribosomes, whereas the bulk of CYCI-239-0 mRNA is associated with only one to four ribosomes. These results clearly show that the diminution of iso-1-cytochrome c is due to an alteration in its rate of synthesis and not to degradation. Furthermore, because the size of the CYCI+ and CYCI-239-0 mRNAs is identical, the association of the CYCI-239-0 transcript with fewer ribosomes suggests that the initiation or elongation step is retarded because of the hairpin structure.
DISCUSSION
In this investigation, we have demonstrated that the mutants having a -His-Leu-replacement of the normal -Ala-Gly-sequence at amino acid positions 5 and 6 in iso-1-cytochrome c also have a diminished amount of the protein, corresponding to 20% of the normal level. We clearly established that the same mutation causing the replacement also was responsible for the reduced level; all six independent mutants having the -His-Leu-replacements also had a diminution of iso-l-cytochrome c (Table 2) ; in addition, genetic analysis showed that the reduced amount of iso-1-cytochrome c segregated with the CYCI-239-K allele, a representative allele that encodes the -His-Leu-iso-icytochrome c. Furthermore, examination of genetic crosses established that the CYCI-239-K allele exhibited a gene dosage response, indicative of the lack of any trans effects or the lack of autogenous regulation.
Because the amount of CYC1 mRNA was normal in this type of mutant, as exemplified by another representative, CYCI-239-0 (Fig. 3) , the diminution of the -His-Leu-iso-lcytochrome c must be explained by either its increased rate of degradation or its decreased rate of synthesis. Further findings, which are discussed below, suggest that the -HisLeu-protein is stable and that the defect is due to a retardation of synthesis. In contrast to altered iso-l-cytochromes c that have reduced activities (22) , the -His-Leu-iso-i-cytochrome c demonstrated normal stability and recovery during its extraction and purification. Although we are uncertain whether stability in vitro reflects stability in vivo, there are indications that alterations at amino acid positions 5 and 6 should be innocuous. The amounts of iso-1-cytochrome c have been examined in strains having 59 different alterations in the aminoterminal region. Composite sequences of these alterations are presented in Fig. 5 . Normal amounts of iso-lcytochrome c were observed in these strains except for the following: those having abnormal AUG initiator sites (25, 26, 33 ; Baim, thesis); those being shorter by six or more amino acid residues, including a cycl-31 revertant that lacks amino acid residues 2 through 7 (24, 31) and has approximately 75% of the normal level; and those having the -His-Leu-replacement. These results, and other studies by D. M. Hampsey and F. Sherman (unpublished data), indicate that the region encompassing residues 1 through 10 is not critical for function or stability. Because the -His-Leu-iso-i-cytochrome c exhibited normal stability in vitro and because numerous normal-length iso-1-cytochromes c with replacements at amino acid positions 5 and 6 are produced at the normal level, we believe the fivefold diminution in the -His-Leuprotein cannot be accounted for by an increased rate of its degradation.
The lower amount of the -His-Leu-protein is most readily explained by a decrease in its rate of synthesis. By examining the distribution of the normal CYCI-239-N (or CYC1+) and the mutant CYCl-239-0 mRNAs throughout polyribosome gradients, we have estimated that the bulk of the CYC1-239-N mRNA is associated with four to seven ribosomes, whereas the bulk of the CYCI-239-0 mRNA is associated with one to four ribosomes (Fig. 4) . A decrease in the number of ribosomes associated with the same size of mRNA suggests a decrease in either the rate of initiation or the rate of elongation at the beginning of the mRNA.
Recently, the DNA sequence of the CYCI-239-0 mutation was determined by D. M. Hampsey, J. F. Ernst, J. W. Stewart, and F. Sherman (unpublished data). The altered DNA structure was the basis of a model suggesting that the multiple-base-pair change arose through the formation of a stable hairpin structure in the DNA (18) . In addition, the corresponding nucleotide change in the mRNA can accommodate the formation of a strong hairpin structure as shown in Fig. 6 . We believe that this secondary structure in the mRNA is responsible for the partial deficiency of the -His- Leu-protein by diminishing translation and that there is a partial block in the elongation step at the site of the hairpin structure. Finding the CYCI-239-0 mRNA associated with one or more ribosomes (Fig. 4) Thr-Glu-Phe-Lys-Ala-Gly-Ser-Ala-Lys-Lys-Gly-AlaThr-Glu-Phe-Lys-His-Leu-Ser-Ala-Lys-Lys-Gly-AlaTh Glu Phe 4& -a- AUG initiator codon of the CYCI gene and observed a diminution of translation of iso-l-cytochrome c in vivo, most prQbably due to interference with the initiation process. Thus, these results and the results with -His-Leu-mutation suggest that hairpin structures can retard translation by inhibiting either the initiation or the elongation process. In addition, Zaret and Sherman (39) have described CYCI mnutants with aberrant 3'-noncoding sequences that alter the translational efficiency of the CYCI mRNA. They suggested that the 3Y-noncoding sequences could reduce or enhance translation by affecting the secondary structure of the mRNA and thereby changing the rate of translational initiation or elongation.
Previous work with other systems indicated that secondary structures in mRNA are responsible for diminishing translation in both procaryotes and eucaryotes (reviewed by Baim [thesis]). Inhibition of translation has been attributed to secondary structures in the initiation region of mRNAs of normal RNA bacteriophages (11, 30) , mutant forms of the lamB (3, 21) and cat (20) genes in Escherichia coli, and fused genes in E. coli plasmids (37) . Although secondary structures in the initiation region diminish translation, there appears to be no consistent relationship between the inhibitory effect on translation and the specific sequences masked by the secondary structure, such as the AUG initiator codon and Shine-Dalgarno sequences (2, 4, 5, 19, 37) . Additional experiments performed in vivo and in vitro suggest that secondary structures in eucaryotic mRNA retard translation by interfering with initiation of protein synthesis (6, 12, 15) .
Our conclusion, which is based on observations with intact yeast cells, is not consistent with the conclusion of Liebhaber et al. (9) , which is based on observations with a cell-free system. Because translation in a rabbit reticulocyte lysate system was unaffected when cDNA was complexed 15 (or 16) . The CYCI-239-0 revertant has replacements of nucleotides 16 through 20 and corresponding replacements of amino acids 5 and 6. Because of the nucleotide changes, the CYCI-239-0 mRNA can accommodate the formation of the hairpin structure shown at the top of the figure. We believe the hairpin structure is responsible for reducing the amount of the CYC1-239-0 iso-l-cytochrome c to a level corresponding to 20%o of the normal amount because of a partial block in elongation of translation. The calculated free energy value for the hairpin structure is -19.6 kcal/mol (40). within the translated region of globin mRNA, Liebhaber et al. (9) concluded that the ribosomal complex can locally destabilize secondary structures during elongation of the polypeptide chain. It is unclear whether the differences between our studies and the studies of Liebhaber et al. reflect simply differences in method, differences between observations made in vivo and in vitro, or inherent differences between the two systems.
Several groups have demonstrated that translation does not proceed at a constant rate along the mRNA. Discontinuous translational elongation has been observed both in vivo and in vitro for a-and ,B-globin mRNAs (16, 35) and for silk fibroin mRNA (10) . In correlating the accumulation of Pglobin nascent peptide chain with a secondary structure model for ,-globin mRNA, Vournakis and Vary (35) observed ribosome pause sites located immediately 5' to predicted local hairpin structures. By analogy, the stable hairpin structure present in the CYCI-239-0 mRNA most likely is retarding ribosome transit across the mRNA, resulting in a decrease in the average number of ribosomes per message and a decrease in the overall synthetic rate of iso-lcytochrome c.
